To further understand the roles of storage granules in parathyroid ells, we examined by immunocytochehy the localization of cathepsins B and H and of PTH in rat parathyroid gland. In semi-thin sections, s m a l l and large granular immunodeposits for cathepsins B and H appeared in the e l l s , whereas those for PTH were detected throughout the e l l s , especially in perinuclear regions. By electron microscopy, immunogold particles indicating cathepsins B and H labeled lysosomes and storage granules, whereas those showing PTH were localized in storage granules, small secretory granules, and the rrans-Golgi network. Small vesicles labeled by immunogold particles showing these proteinases often appeared close to the storage granules. By double immunoSmining, immunogold particles indicathg these ptoteinases were CO-localized with those for Pm in storage granules. By EDTA treatment, immunoreactivity for cathepsins B and H and for PTH was notably reduced in the cells, but immunoreactivity for the proteinases was s t i l l seen in lysosomes. These results suggest that storage granules in the rat parathyroid cells fuse with small vesicles containing cathepsins B and H, which may participate in regulating the intracellular PTH levels by degrading PTH in the granules. ( J Eiistochem Cytochem 41273-282, 1993) 
'

Introduction
Lysosomal proteinases degrade cellular and endocytosed proteins within lysosomes, and the degraded peptides are believed to be re-used for protein synthesis in cells (Kirschke et al., 1980) . In most cases, the intracellular functions and regulatory mechanism of these enzymes remain unknown. Cathepsins B, H, and L, representative cysteine proteinases in lysosomes, have been well characterized (Katunuma and Kominami, 1983) and were shown to be distributed in various body tissues by both enzyme immunoassay (Bando et al., 1986; Kominami et al., 1985) and immunohistochemistry (Ishii et al., 1991; X i et al., 1985) .
Recently, cathepsins B and/or H have been shown to be localized in secretory granules of many secretory cells (Furuhashi et al., 1991; Uchiyama et al., 1989a Uchiyama et al., ,b,1990 Uchiyama et al., ,1991 Im et al., 1989; Matsuba et al., 1989; Watanabe et al.. 1989) . Considering the fact that cathepsin B activates precursors of peptide hormones and proteins by cleav-ing dibasic sites, this co-localization of cysteine proteinases with peptides in secretory granules suggests the possibility that they participate in the activation of pro-hormones in various peptide hormone-producing cells.
Parathyroid cells are known to produce parathyroid hormone (PTH), whose secretion from the cells is largely regulated by extracellularcalcium concentrations (Kemper et al., 1974 (Kemper et al., ,1984 Morrissey and Ghn, 1979) . Unlike from many other peptide hormoneproducing cells, secretory granules are less frequent in parathyroid cell cytoplasm, especially in that of rat parathyroid cells. By electron microscopy, these parathyroid cells have well-developed Golgi complex, small vesicular secretory granules (100-250 nm in diameter), and large round storage granules (300-600 nm in diameter). The storage granules are subdivided into two types: Type I (thin halo and large core) and Type I1 (thick halo and small core) (Setoguchi et al., 1981) . These storage granules have been considered as the degradation site of PTH (Setoguchi et al., 1981 . .
--
intracellular localization of cysteine proteinases, particularly their correlation with storage granules in the parathyroid cells.
In the present study we analyzed the localization of cathepsins B and H and of PTH in adult rat parathyroid cells by immunocytochemistry. Moreover, the fate of the storage granules in the cells was also studied under various experimentally induced serum calcium concentrations.
Materials and Methods
Animals. Thirty-six male adult Wistar rats (12 weeks old. about 250 g) were used and were divided into three equal groups: Group A was designated as the control group. Rats of Groups B and C were injected intraperitoneally with 1 ml of 4% CaC12 and 4% EDTA dissolved in physiological saline, 30 min before sacrifice. Six rats of each group were used for light microscopy and the mt were used for elmron microscopy.
Antisua. For the preparation of antisera. cathepsin B was purified to homogeneity from rat liver as described by Tmtui et al. (1979) . while athepsin H was purified from rat liver lysosomes by modifging the method of Kinchke et al. (1977) . Rabbit antibodies against rat cathepsins B and H were prepared and purified by affinity chromatography as reported previously (Kominami et al.. 1984 . Anti-cathepsins B and H were immunologically difftrent from each other and showed no crossreactivity . To prepare anti-rat PTH, a 16-amino acid residue peptide ( G l y -~~~a -A s p -V a l -~V a l -~-V a l -~~a -~-S e r -G l n -C y s repmenting a COOH-terminal portion of F'TH was synthesized by a peptide synthesizer (ABI, 430A). A COOH-terminal cysteine was added for the purpose of coupling to the carrier protein (Zda et al., 1988) . The homogeneity ofthe synthetic peptide was confirmed by amino acid analysis and reverse-phase HF' LC on a Nudeosil IC18 column. The peptide (4 mg) was treated with mercuric acetate and 2-mercaptoethanol to regenerate the fret thiol of cysteine and was chromatographed on a Sephadex G-10 column (1.5 x 90 un) to remm the mercuric ions and the excess of 2-mercaptoethanol. The peptide was coupled to keyhole limpet hemocyanin (8 mg dissolved in 0.5 ml of0.l M phosphate. pH 7.0) (Sigma; St Louis, MO) using the heterobifunctional reagent N-(g-maleimidobutyryloxy) succinimide (GMBS) (0.7 mg) (Mamba et al.. 1989) . The pcptide-carrier conjugate was used to immunize the rabbits (Green et al.. 1982) . The antiserum was tested for reactivity with F'TH by immunostaining rat parathyroid sections as described below. The antiserum to PTH was purified by affinity chromatography using the synthetic peptide coupled with thiol-Sepharose 6B (Pharmacia; Piscataway, NJ).
Light Micnxmpy. After acrifice ofthe rats by decapitation, parathyroids were excised from both lobes of thyroid glands and cut into two pieces as quickly as possible. The tissue was frozen with Freon 22, cooled with liquid nitrogen. and stored in liquid nitrogen until use. According to the method of Grube (1980) . all frozen samples were freeze-dried at -35'C for 72 hr, fuced by vapor-phax paraformaldehyde at 8o'C for 1 hr. and embedded in Epon 812. Serial semi-thin sections were cut at 1 pm with an LKB ultramicrotome (2088. rv) and mounted on dean glass slida by heat. The resin was removed with sodium methoxide (Mayor et al., 1961) . The sections were created with 0.3% H202 in methanol for 30 min and incubated with 2% normal goat serum (NGS) in 0.1 M phosphate-buffered 0.15 M NaCl containing 0.05% Twcen-20 (Sigma) (TPBS) for 20 min at room temperature. They were incubated with the following fim antibodies diluted with TPBS for 72 hr at 4'C anu-cathcpsins B (11 &ml) and H (6 pglml) and anti-PTH (8 pglml). Further incubations were performed with biotinylad goat anti-rabbit IgG and then with streptoavidin-peroxidase (HISIOW, Nichirci, To+, Japan) at m m temperature for 30 min. After each step the sections were rinsed thoroughly in 0.01 M phosphate-buffered 0.5 M NaCl (pH 7.2) containing 0.1% Tween-20. Staining for peroxidase was performed with 0.0125% diaminobenzidine (DAB) and 0.002% H202 in 0.5 M %-HC1 buffer @H 7.6) for 10 min. Immunoscained sections were viewcd with a Nomanki difftrcntial interference contrast microscope (Olympus; Tokyo, Japan). Electron Micnxmpy. The animals. anesthetized with pentobarbital (25 mglkg. IP), were perfused with 50 ml physiological saline and then with 300 ml ofO.l% glutddehyde-4% paraformaldehyde buffered with 0.1 M cacodylate-HCI buffer. pH 7.2. The parathyroid tissue was quickly excised, cut into small pieces, and immersed in 4% paraformaldehyde buffered with the same buffer containing 4% sucrose, at 4' C for 2 hr. After washing thoroughly with the same bu&r containing 7.5% sucrose, the samples were dehydrated through graded alcohols. Then some samples were embedded in Lowicryl K4M at -2O' C (Roth et al., 1981) and the others in Epon 812. Thin sections were cut with an uluvnicrotome and mounted on nickel grids.
The thin sections embedded in Epon 812 were etched with 1% sodium methoxidefor 30 sec More immunostaining (Watanabe et al., 1988b) . For single immunostaining. the thin sections were incubated with 5 % normal goat serum (NGS) for 20 min at room temperature. They were incubated with the following antibodies at 4°C mmight: anti-cathepsin B (11 ~/ m l ) , anti-cathepsin H (6 pg/ml), and anti-FTH (20 pglml). Then they were treated with gold-labeled goat anti-rabbit IgG for 1 hr; the gold partides were coated and their size (8 or 15 nm in diameter) adjusted according to the method of Slot and Geuzc (198s) . Between each step, the grids were rinsed in 0.02 M Tris-HCI-buffered 0.1 M NaCI, pH 8.2, containing 0.1% bovine serum albumin (BSA) (Sigma). For double immunostaining, a twoficed technique according to Bendayan (1982) was performed as described previously (Uchiyama et al., 1990) . After the hunoreactions the sections were stained with a saturated aqueous solution of uranyl acetate and lead citrate and were observed with a Hitachi H-600 elecuon microscope.
Control Experiments. Control semi-thin sections were incubated with anti-PTH absorbed by the synthetic peptide of FTH. with anti-cathepsins B and H absorbed by rat liver cathepsins B and H, respectively, or with a non-immune rabbit serum diluted to 11000, followed by incubation with biotinylated goat anti-rabbit IgG and streptoavidin-peroxidase. Some sections were dirmly incubated with the second antibody without any preceding incubation with the fmt antibodies. For immunoclcctron microscopy, the thin sections were incubated with the absorbed antibodies or with the nonimmune rabbit serum diluted to 1:200, followed by the gold-labeled second antibody. Some sections were directly incubated with the gold-labeled second antibody without pre-treatment with the first antibodies.
Meamemat of Serum Calcium Level. Before decapitation and pcrfusion, about 2 ml of blood was collected via syringe from the jugular vein of each animal and was used for measurement of the total serum calcium level in each group by the o-crcsophthalcin complex method.
Results
Seam Calcium Level
To measure the serum calcium l e d ofthe rats from each experhental group, blood was obtained 30 min after the injection. Serum calcium levels (mg/dl, * SD) were 10.3 i 0.205 in the non-treated control group, 18.22 i 0.878 in the CaCl2-treated group, and 6.82 i 0.705 in the EDTA-treated group. Figure la , granular hmunodeposits for PTH were demonstrated throughout the cytoplasm of the non-treated control parathyroid cells, particularly in the perinuclear regions. Large and small granular immunodeposits for cathepsins B and H were abundant ( Figures Id and lg) .
Light Microscopy As shown in
The immunoreactivity for PTH and for cathepsins B and H was also examined in semi-thin sections obtained from the CaC12treated (Group B) and EDTA-treated rats (Group C). In the CaC12treated rats, immunoreactivity for PTH and for cathepsins B and H in the PTH-producing cells was not clearly different from that in the non-treated control cells (Figures Ib, le, and 1h) ; however, perinuclear immunodeposits for PTH more distinctly appeared in the cells than in the control cells (Figures la and Ib) . On the other hand, in the EDTA-treated rats, immunoreactivity for PTH and for cathepsins B and H was notably reduced in the cells compared with that in the non-treated control cells (Figures IC, If, and li) .
Immunodeposits for PTH were found only around the nuclei (Figure IC) , while the immunoreactivity for these proteinases was localized in large granules of the cells (Figures If and li) .
Electron Microscopy
In the control PTH-producing cells, immunogold particles indicating PTH strongly labeled cisternal and vesicular structures of the Golgi complex, small vesicular secretory granules, and various forms of storage granules (Figures 2a-2d ). In the Golgi complex, immunogold particles labeled vesicular structures ofthe trms-GoIgi network and some particles were also seen in its cisternae (Figures  2a and 2b) . Some storage granules and small vesicular secretory granules labeled with these immunogold particles were often located near the plasma membrane (Figure 2a ). As shown in Figures  2c and 2d , Type I storage granules were more densely labeled with immunogold particles showing PTH than Type I1 granules. Immunogold particles indicating cathepsin B or H were densely localized in lysosomes with irregular forms and heterogeneous electron densities, which resembled lipofuscin granules (Figures 3a and 3b) .
Only a few immunogold particles indicating cathepsins B or H were detected in Type I storage granules (Figures 3c-3e ), whereas Type I1 granules were more densely labeled by these immunogold particles (Figures 3f and 3g ). Small vesicles labeled with immunogold particles showing cathepsin B or H &a appeared near Type I storage granules with or without these immunogold particles (Figure 3h ). By double immunoStaining, immunogold particles indicating PTH were co-localized with those indicating cathepsin B or H in both Type I and Type I1 storage granules (Figures 4a and 4b ). Cathepsin B-or H-positive small vesicles were sometimes found close to storage granules labeled with immunogold particles showing m (Figure 4c ).
As stated above, the immunodeposits for PTH clearly appeared in RTH-producing cells of CaCl2-treated rats at the light microscopic level. Howcver, immunolabeling for FTH as well as for cathepsins B and H in the Golgi complex, small secretory granulcIs, and storage granules of the cells was similar to that in the cells of the control rats. In EDTA-treated rats, Types I and I1 storage granules disappeared from the cells, whereas heterogeneously electron-dense lysosomes labeled with immunogold particles indicating cathepsin B or H were still present (Figure 5 ) .
Control thin and semi-thin sections incubated with the absorbed antibodies or with non-immune rabbit serum as the primary antibody showed no specific reaction deposits in the parathyroid cells. Moreover. control semi-thin sections incubated directly with the biotinylated second antibody and thin sections incubated with goldlabeled goat anti-rabbit IgG also exhibited no specific reaction product in the cells.
Discussion
The present study demonstrated immunoreactivity for cathepsins B and H in lysosomes and storage granules of the rat parathyroid cells. A sequence-specific antibody to the synthetic peptide of the COOH-terminal portion of rat PTH was immunocytochemically confirmed to show positive reactivity in the PTH-producing cells of rat parathyroid glands. Moreover, the measurement of serum : a x 17,600; b x 16,600; c,d,f-h x 54,200 ; e x 68,000. Bars = 0.3 ym. HASHIZUME, WAGURI, WATANABE, KOMINAMI, UCHIYAMA calcium level revealed that rats are in the hyperor hypocalcemic state 30 min after injection of CaC12 or E m .
By immunocytochemistry with anti-bovine PTH, localization of PTH has been shown in PTH-producing cells of rat parathyroid gland (Inoue et al., 1986; Setoguchi et al., 1985b) ; immunogold particles indicating F'TH are localized in Types I and I1 storage granules and in small secretory granules. The hnunogold labeling is rarely found in the Golgi cistemae and vacuoles (Inoue et al., 1986) .
A sequence-specific antibody against rat PTH prepared in the present study distinctly recognized PTH in the Golgi cisternae and vesicles, in addition to that in small secretory granules and storage granules. These results are consistent with those of Inoue et al. (1986) .
As far as we know, no study has been reported on the immunocytochemical localization of lysosomal proteinases in parathyroid gland. The present study found that cathepsins B and H are densely localized in lysosomes of parathyroid cells. The lysosomes were irregular in shape and heterogeneous in electron density, resembling lipofuscin granules which are regarded as end-stages of lysosomal autophagic activity and show weak acid phosphatase and esterase activities (Fawcett, 1981) . Despite their resemblance to lipofuscin granules, the composition of parathyroid cell lysosomes remains unknown.
It has been shown that the intracellular degradation of secretory products, which may be old, unneeded, or in excess, occurs in lysosomes called crinophagic bodies (Chertow, 1981; Smith and Farquhar, 1966) ; these crinophagic bodies have dense cores resembling the protein core of secretory granules. In fact, these dense cores in crinophagic bodies have been demonstrated to contain secretory products (Uchiyama et al., 1990; , suggesting that they originate from the secretory granules. Moreover, cysteine proteinases are localized in these crinophagic bodies; cathepsins B and/or H are localized in the crinophagic bodies of the nontreated rat pancreatic islet B-and/or A-cells and cathepsin B in those of melanophore-stimulating hormoneproducing cells and prolactin-producing cells in the rat pituitary gland (Uchiyama et al., 1990 . In particular, we have shown from a circadian study that the numbers of crinophagic bodies in pancreatic islet B-and A-cells increase, together with the increase in the secretory granules, after the end of the secretory stages . These results suggest that old, unneeded secretory granules in islet B-and A-cells are degraded in the crinophagic bodies.
In the rat parathyroid cells we could not find typical crinophagic bodies as seen in the pituitary prolactin-producing cells and in pancreatic islet B-and A-cells. By immunocytochemistry, however, we found co-localization of PTH with cathepsin B or H in Types I and I1 storage granules in the parathyroid cells. Unlike the crinophagic bodies, the storage granules take secretory granule-like forms; they have homogeneously dense cores and a thick or thin halo between the dense cores and limiting membranes of the granules (Setoguchi et al., 1981) . Their profiles differ distinctly from those of lysosomes, which are immunocytochemically devoid of deposition of immunogold particles indicating PTH. The present immunocytochemical study demonstrated that Type I storage granules are labeled with or without immunogold particles indicating cathepsin B or H and are labeled densely with those indicating PTH, whereas Type 11 storage granules are always labeled intensely with immunogold particles showing cysteine proteinases and PTH. Immunogold label-ing indicating PTH was less dense in Type I1 than in Type I storage granules. At present, it remains unknown how the cysteine proteinases are carried into the storage granules ofthe parathyroid cells. In the present study, it is interesting that small vesicles labeled with immunogold particles showing cathepsin B or H are often seen close to Type I storage granules labeled with those indicating PTH. This suggests that Type I storage granules are fused with endosomes containing cysteine proteinases. Moreover, Type I1 storage granules seem to be in the process of degrading secretory products of Type I storage granules, as has been suggested by Setoguchi et al. (1985a,b) from their morphological and cytochemical studies.
Degradation of secretory granules has been suggested to be induced by a lysosomal wrapping mechanism in human parathyroid adenomas and chief-cell hyperplasias (Shannon and Roth, 1974; Mayahara, 1972; Mayahara and Ogawa, 1972) . In the present study we could not confirm these figures in the parathyroid cells of normal and experimentally induced hyper-and hypocalcemic rats. As stated above, degradation of secretory products in the rat parathyroid cells occurs in the storage granules, which may fuse with endosomes containing cysteine proteinase.
The present study demonstrated that immunodeposits for cathepsins B and H and those for PTH are strongly decreased in parathyroid cells of EDTA-treated rats (hypocalcemia), whereas they do not show a clear-cut alteration in the cells of CaClz-treated rats (hypercalcemia). Some large granular immunodeposits for cathepsins B and H were preserved in the cells even after the hypocalcemic shock. By the present immunoelectron microscopic study these large granular immunodeposits seem to be lysosomes (refer to Figure 6) . From their study of the dynamics of PTH biosynthesis, storage, and secretion in bovine parathyroid slices in vitro, Habener et al. (1975) have shown that the PTH secretion rates change fivefold when calcium is lowered from 2 mM to 1 mM. Moreover, the number of storage granules decreases in the parathyroid cells of the rat during experimentally induced hypocalcemia (Setoguchi et al., 198Sb) . Accordingly, it seems likely that decreases in the immunoreactivity for F'TH and cysteine proteinases in parathyroid cells by hypocalcemia result from secretion by small vesicular secretory granules and storage granules.
On the other hand, as stated above, no significant change in immunoreactivity for PTH and for cathepsins B and H was seen in parathyroid cells of CaC12-treated rats. These results agree with those by Setoguchi et al. (1985b) , who have observed no obvious dlfference in the total number of Types I and I1 storage granules in the parathyroid cells of control and CaClz-treated rats. It has been shown that in the presence of high concentrations of calcium a large fraction of newly synthesized PTH is degraded in bovine parathyroid slices (Habener et al., 1975) . As stated above, the intracellular site at which co-localization of PTH and cathepsin B or H occurs is the storage granules only. These results suggest that cathepsins B and H participate in the regulation of intracellular PTH levels by degrading PTH in rat parathyroid cells. Of course, further study is needed to explain why the numbers of storage granules containing cysteine proteinases do not increase in the parathyroid cells of hypercalcemic rats. It has been shown that parathyroid tissue and cells contain and secrete COOH-terminal fragments of PTH (MacGregor et al., 1986; Morrisey et al., 1980; Mayer et al., 1979; Hanley et al., 1978) . Mac-Gregor et al. (1983 have suggested that the proteolytic path-way causing the secretion of PTH fragments is non-lysosomal in nature. The storage granules in parathyroid cells differ morphologically as well as functionally from lysosomes. The most distinct difference between the two organelles is that storage granules can be secreted from the cells. These biological features of storage granules may explain the presence of various forms of PTH fragments in the blood circulation.
